In an optical transceiver, the power consumption related to the operation of the laser device takes a significant parcel of the total consumed power. Thus, in optical networks where a large number of transceiver devices are interconnected, e.g. large distributed sensor networks, it is of great importance to reduce this power consumption. In this work an analysis and simulation results are presented regarding the operation of a bias-free vertical-cavity surface-emitting laser (VCSEL) device, which is based on a previously developed model. The impact on bit-error rate (BER) of the increased turn-on jitter due to the bit-pattern and spontaneous emission is considered. A method for mitigating the eye-diagram distortion penalty based on the received signal equalization is also illustrated.
Introduction
Large distributed optical networks are becoming a reality not only for connecting homes but also for applications were a large number of sensors distributed through a large area require high speed digital data. These scenarios are typical in the interconnection of instrumentation found in particle physics experiments but also in critical avionic sensor and actuator data transmission systems. Low power consumption and low weight are determinant for the performance and practical deployment of these networks.
By operating the laser device with no bias-current (0 current at the logic "0" stage) a significant power saving in the order of 25 to 50% can be made compared to the optimum bias current operation mode. Nevertheless, a penalty in the eye diagram shape will occur and, consequently, in the BER. This is due to the turn-on delay increased jitter (about 50 picoseconds in the obtained simulation results), which is dependent on bit-pattern effects and spontaneous emission.
Since the laser will only output optical power during the logic "1" stage, no clutter noise due to the residual optical output power at the logic "0" stage will be present in the network, which may allow a simplification at the passive optical network receiver architecture or bus like medium access. Moreover, the zero-bias modulation format eliminates the need for optical monitoring and feedback control of the bias point. Operating a laser device in a bias-free mode can save power, lower transmitter complexity, mass and increase system reliability [1] .
Large signal operation of a semiconductor laser
At a bias current lower than the threshold current, spontaneous emission dominates and leads to significant turn-on delay, turn-on jitter and bit pattern dependent distortion effects. Simulation of the device operation in these conditions is determinant and only possible through large signal analysis. By using a complete laser model [2] , the bias-free operation of a VCSEL device below threshold can be simulated and the BER penalty estimated. Hence the trade off between bellow and above threshold current biasing can be evaluated [3, 4] . The data transmission speed limit can also be determined and its operation optimized by changing the I o f f /I th and I on /I th ratios. For the work presented here we will define the bias current (I bias ) as the laser current at the lower optical power level, I bias = I o f f . Considering this, the modulating pulse current (I m ) will have an amplitude given by the difference between the off current (I o f f , logic level 0) and the on current (I on , logic level 1): I m = I on − I o f f . In a common case, I o f f is set above the lasing threshold current I th , while for the case we wish to discuss here, I o f f is set below the threshold current or even to zero. While not transmitting, the current through the laser remains at I o f f . This also means that if I o f f is below the threshold current, the laser will not output any optical signal and its power consumption will be at its lowest. The electrical power consumption (P e ) of the laser device can be calculated considering the modulation and constant components of the current through the laser device given its internal impedance (Z 0 ) and its threshold voltage Figure 1 shows the laser device power consumption in the laser device normalized by the power consumption with a bias current of zero (P e 0 ) as a function of the I o f f /I th current ratio for several I on currents when a forward voltage of 1.5V and an internal real impedance of 100 Ω are considered. As it can be seen, the power consumption due to the off current increases faster than with the on current, suggesting that reducing the off current can lead to an advantageous power consumption decrease (a reduction of more than a half). The problem of reducing the off current below threshold is that the level of the initial carrier density (N i ) is below the threshold carrier density necessary for lasing to occur (N th ). So, by injecting an I on the carrier density level will have to first rise from the previous level of carrier density to the threshold carrier density level, which inevitably delays the lasing phenomenon. If we first consider the case where the carrier density is null, the turn on delay will be proportional to the laser characteristic carrier lifetime (τ n ) as given by [5] [6] [7] : Figure 2 shows a graphic depicting the laser turn on delay time as a function of I o f f /I th for several I on currents. Note how this turn on delay tends to zero as the I o f f reaches I th , meaning that there is no time needed to build up carrier density. In this way the laser off current is set to be above the laser threshold current as is in common applications. Note also that the delay is lower for higher I on currents, as in this case the carrier density being injected into the device so that the threshold carrier density is reached more rapidly. However, the issue is not these delay times, but the jitter caused by the random accumulation of carrier due to the last laser states or bit pattern. There are two extreme cases: the first one is with a long string of 0s before switching to 1; the second is with a long string of 1s followed by a single 0 bit before switching back to 1.
In the first case, during the long strings of 0s, carriers have a long time to decay to a low value before switching to 1, so the time needed for the carrier density to reach the threshold value is large, resulting in a long turn-on delay time. Regarding the second case, since the carriers have only one 0 bit length of time to decay before switching to 1, the carrier density right before the turn-on occurs is higher. Therefore it takes less time for the carrier density to reach the threshold value, and thus the turn-on delay is shorter, resulting in a variation of the turn-on delay time dependent on the bit pattern of the driving current. Considering that the photon density in the laser cavity is approximately zero at a current below threshold, the carrier density can be obtained for a current pulse of amplitude I m by [4] (q is the electron charge):
As previously explained, the value of N i depends on the number of "0s" that preceded the "1" bit and its value decays exponentially with a time constant given by the carrier life time and the number of preceding "0" bits N and is given at t = T by N i = N th e −NT /τ n [4] . Solving equation (2.2) for N(t on ) = N th , we get the turn on delay time dependence with the number of preceding "0" bits [4] t on = τ D 1 − e −NT τ n .
Considering that the modulation pulses follow a random bit pattern the statistic of N are of a geometric distribution p(N) = γ(2 −N ), γ = ln(2), and letting η = ln(2)τ n /T , be the ratio of carrier life time to bit duration, the probability distribution function of t on can be given using p(N) by [3] : Figure 3 shows the turn on delay probability distribution function (p(t on )) for several I on and I o f f to I th ratios [5] [6] [7] . When the carrier lifetime is long compared to the bit period (T = 1/4.8Gbits/s, for the examples given here), it has a large influence on the carrier density relaxation between bits (η = 0.1) and the corresponding time to reach threshold. This turn on jitter will cause a penalty to the digital transmission system that can be measured in terms of the estimated bit error rate (BER) as a function of the I on /I th and I o f f currents [5] [6] [7] (figure 4 ). Since no other penalty was considered in the link, when I o f f reaches I th , the BER tends to zero. As expected the BER increases with t on /T . 
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Simulation results
Using a previously developed model and laser parameters obtained for VCSEL devices operating at 850nm and 1310nm [2] , it is possible to study the behavior of these devices when operated with a below threshold off current. Figure 5 shows the turn on delay difference due to bit pattern for two particular extreme cases: "00000010" and "11111101" sequences. Note how the optical output (solid curve) representing the first "1" after the zeros occur at the end of the current pulse (dashed curve) while the last "1" occurs in the middle of the current pulse: this is due to the build up of carrier density in the laser due to the previous string of "1"s. In any practical application a line code is always applied to the bit stream to simultaneously achieve DC-balance and let enough state changes to allow reasonable clock recovery [8, 9] . For example with 8B10B coding, used in Fibre Channel or Gigabit Ethernet, the largest number of "0"s or "1"s in a row is 5 [8] . This means that the maximum turn on delay will be limited and related to the maximum of allowed "0s" in a row. By keeping this number low, the turn on delay and consequently jitter is also kept low. Figure 6 illustrates the results of the simulation of an 850nm and 1310nm VCSEL with and without bias current at 4.8Gbit/s and the same on current. A pseudorandom (PRBS) bit sequence of 2 7 -1 word length is used with a non-return-to-zero (NRZ) modulation. The effects of pattern dependent jitter are visible in figure 6. Nevertheless this jitter is lower than 40ps for the 850nm device and 50ps for the 1310nm device. Although the eye diagram is distorted, data transmission could be achieved with a bit error rate below 10 −10 and 10 −9 , respectively (see figure 4 ).
Equalization
By taking into account the bit pattern dependence of the distortion induced by the zero-bias operation, one could expect that a finite impulse response filter having coefficients spanning several bit periods would mitigate these effects. In fact, we have found through simulations that it is possible to obtain a filter that minimizes the signal standard deviation at the sampling time.
This filter needs to span several bit periods in order to make an observable impact, in this case, 18 bit periods were used. The impulse response is obtained with an adaptive algorithm, the Least Mean Squares (LMS), with a step size of 5.10 −4 , and a training sequence of 20 bits. From figure 7 , it can be seen that, although the timing jitter has remained in the 50ps range, there is clearly an opening of the eye as well as negligible amplitude distortion. Note also that the Q factor has improved from 15.84dB to 35.47dB at the sample time.
Conclusion
Operating a VCSEL device with an off current below threshold can lead to high power savings. Although there is a considerable penalty in the eye diagram, transmission of data is still possible at low bit error rates. Decreasing the I o f f to I th ratio causes an increase of the turn on jitter and, consequently, an increase of the bit error rate. Also, the lower the device threshold current, the lower the jitter. High drive currents help to control the jitter levels but at a lower extent. The jitter is highly dependent on the bit pattern, and especially in the number of trailing zeros, suggesting that a suitable coding scheme for the bit stream could optimize the performance of a zero-biased VCSEL transceiver system. Equalization of the received signal leads to an improvement in the link performance, mitigating the impact of bias free operation. Reducing the large turn-on delay and the resultant eye degeneration is crucial for efficient bias-free transmission of high data rates. Ultimately, turn-on jitter sets a limit on the achievable bit rates to be transmitted under bias-free conditions.
